The synthetic cubane-type iron-sulfur clusters [Fe4S4(SR)4] z form a four-member electron transfer series (z ‫؍‬ 3؊, 2؊, 1؊, and 0), all members of which except that with z ‫؍‬ 0 have been isolated and characterized. (14). Evidence has been presented for a two-electron transfer by the fully reduced Fe protein in nitrogenase catalysis (15) . Here, we demonstrate that the heretofore elusive all-ferrous state in a cubane-type cluster can be isolated in substance. 
(R ϭ alkyl or aryl) has been prepared whose members serve as accurate analogues of the [Fe 4 S 4 (S Cys ) 4 ] redox sites in ferredoxins and other iron-sulfur proteins (1, 2) . In terms of core oxidation states, these clusters form the four-member electron transfer series 1 throughout which the cubane [Fe 4 ( 3 -S) 4 is retained. The existence of this series was recognized by voltammetry at the beginning of iron-sulfur analogue chemistry (3) . Because of the dependence of redox potential on substituent R of thiolate clusters and other ligands L in [Fe 4 S 4 L 4 ] z clusters, the entire series has not been traversed electrochemically or synthetically at constant R or L, except for R ϭ Ph in an unusual toluene͞(Bu 4 N)(BF 4 ) electrochemical phase (4 4 ] structure of the oxidized Fe protein with small dimensional changes has been established crystallographically (14) . Evidence has been presented for a two-electron transfer by the fully reduced Fe protein in nitrogenase catalysis (15) . Here, we demonstrate that the heretofore elusive all-ferrous state in a cubane-type cluster can be isolated in substance. Other Physical Measurements. Cyclic voltammograms were determined at a scan rate of 100 mV͞s by using a Model 610A electrochemical analyzer (CH Instruments, Austin, TX) with a glassy carbon working electrode, 0.1 M (Bu 4 N)(PF 6 ) supporting electrode, and a Ag͞AgCl reference electrode. Potentials were corrected to the standard calomel electrode (SCE) (E SCE ϭ E Ag/AgCl Ϫ 0.04 V) to allow comparison with reported potentials of synthetic iron-sulfur clusters. Mössbauer spectra were recorded with a constant acceleration spectrometer. Data were analyzed with WMOSS software (WEB Research, Edina, MN); isomer shifts are referenced to iron metal at room temperature.
Materials and Methods

Results and Discussion
Synthesis. The red all-ferrous cluster [Fe 4 S 4 (CN) 4 ] 4Ϫ has been prepared by the two methods in Fig. 1 4 ] 3Ϫ , a cluster of comparable oxidative sensitivity, has been isolated (18) . Consequently, the potential shift of Ϸ0.3 V facilitates isolation of (Bu 4 N) 4 [Fe 4 S 4 (CN) 4 ], which, however, is so sensitive that despite numerous attempts, it cannot be recrystallized or maintained in solution in the absence of a reducing agent without partial oxidation of the cluster.
Structure. The desired cluster was obtained in red plate-like crystals of apparent composition (Bu 4 N) 4 [Fe 4 S 4 (CN) 4 ]⅐2MeCN in orthorhombic space group Pccn. The anion and two cations reside on crystallographic twofold axes, and the other two cations are in general positions; the anion:cation ratio is 1:4. The cluster structure is depicted in Fig. 2 ; selected interatomic distances are collected in (18) (19) (20) (21) (22) (23) . The volumes in Table 2 were calculated from atomic coordinates (24) 0 is a color change in aqueous buffer from brown to red, a decrease in absorbance over most of the visible spectrum, and the development of a band at 520 nm (8) 1ϩ clusters in displaying diminished absorbance at ϾϷ400 nm (6) . As may be seen in Fig. 3 4Ϫ , it was necessary to perform the absorption spectral and electrochemical measurements in situ. Although the visible absorption band in the protein and synthetic cluster is likely a ligand-to-metal charge transfer, it has not been assigned. Variable-temperature magnetic circular dichroism spectra of the Fe protein indicate that the band at Ϸ500 nm in aqueous buffer is associated with a ground spin state S Ͼ 2 (25).
Mö ssbauer Spectra. Spectra of the two synthetic clusters are set out in Fig. 4 ; isomer shifts ␦ and quadrupole splittings ⌬E Q are summarized in Table 3 . Spectral fits to a single site or to two overlapping quadrupole doublets in an intensity ratio of 1:1 or 3:1 do not significantly alter the isomer shift. The spectrum of [ 1ϩ . The clusters differ in one ligand of four, which in some cases measurably affects the isomer shift (26, 27 4Ϫ , albeit with nonphysiological terminal ligands, is, to our knowledge, the first synthetic analogue of the fully reduced cluster in the Fe protein of nitrogenase. Overall, the properties of the latter, including core dimensions, the visible absorption band, and isomer shift, are closely approached. However, there are some differences in detail. There is no indication of a core distortion that, from extended x-ray absorption fine structure analysis, affords two short (2.52 Å) plus one long (2.77 Å) Fe-Fe distances and one short (2.29 Å) plus three long (2.35-2.37 Å) Fe-S distances (9) . Further, there is no evidence from Mössbauer spectroscopy of a single iron site with a large quadrupole splitting that could be associated with discrete Fe II . The cluster in the Fe protein is located between two subunits and is connected by two Fe-S Cys interactions to each. It is this arrangement that produces the largest accessible surface area, which very likely contributes to the stability of the [Fe 4 S 4 ] 0 state (14) by means of solvent (hydrogen bonding) interactions that lead to fractional charge dissipation to the medium. It is not surprising that a cluster bound in this way may possess features that cannot be reproduced in a crystalline or solution phase that generates a far less anisotropic environment.
This work was supported by National Science Foundation (NSF) Grants ECS-0403669 and CHE-0449634 at Miami University and by National Institutes of Health Grant GM 28856 at Harvard University. The x-ray diffractometer was purchased through NSF Grant EAR-0003201.
